Supplementary information

Seasonal change of FCOS and FCO2
The seasonal change of FCOS and FCO2 in Fig. S1a,b shows that plants actively take up both COS and CO2 as soon as daytime air temperature reaches above -1 °C (see also Fig. S5 ). The recovery of photosynthesis started in early March, whereas typically it starts in the beginning of April at this site 1, 2 . Despite the early spring recovery, a cold period in mid-April caused FCOS and FCO2 to cease almost completely for about a week. The uptake increased further in May and then reached their peak values in June and July.
Effect of PAR on daytime LRU
The daytime LRU was not constant throughout the season (Fig. S1c ). In February-March there was no well-defined LRU due to the small fluxes in this period and the limited precision of the FCOS measurements. After mid-March, the daily average LRU typically peaked during cloudy days (characterized by low PAR) due to the light dependence of FCO2. The higher PAR levels later in the season cause more LRU data points to concentrate around 1.0 in the hourly data plot (Fig. S1c ).
Fig. S1|
Time series of hourly FCOS (a), FCO2 (b), LRU (c) and meteorological conditions (d-e) throughout the measurement campaign. Fluxes and LRU are averages of chambers 1 and 2. The daily daytime peaks of FCOS and FCO2 (average over 3 hours around the maximum flux) and daytime averages of LRU (solar elevation above 5º) are plotted as solid lines. No daytime average LRU is plotted for days where FCOS or FCO2 are small and have no well-defined LRU (FCOS > -0.15 pmol m -2 s -1 and FCO2 > -0.15 µmol m -2 s -1 ). Meteorological conditions include PAR and RH (d), and air temperature (Tair), soil water content in the organic layer (SWC) and precipitation (e).
The correlation of gs,COS with PAR in Fig. S2 shows a decrease of gs,COS at high PAR levels that is consistent with a decrease in FCOS ( Fig. 2a,b ) and demonstrates the close resemblance between FCOS and gs,COS. The decreases of gs,COS and FCOS at high PAR were caused by the high VPD that accompanies the high PAR conditions.
Fig. S2|
Correlation of gs,COS with PAR for chamber 1 (left) and 2 (right) between 18 May and 13 July 2017.
Fig. S3|
LRU against VPD (a,b), gs,COS (c,d), RH (e,f) and chamber temperature (Tch) (g,h) for chamber 1 (left) and chamber 2 (right) between 10 June and 13 July 2017. Data plotted in grey represent all data above the light saturation point of FCO2 (PAR > 700 µmol m -2 s -1 ). Blue points represent the median of 10 equal-sized bins in the x-range of the data. The error bars represent the 25 th and 75 th percentiles of data in each bin. The coefficient of determination (R 2 ), slope, significance level (P) and number of data (n) are given for a linear regression through the binned median values.
Internal conductance
Based on the measured FCOS and gs,H2O we were able to determine the internal conductance (gi,COS), which is a combination of non-stomatal conductance terms: the mesophyll conductance, the chloroplast conductance and the biochemical conductance (depending on the reaction efficiency of the CA enzyme). The leaf flux of COS is defined as 3, 4 :
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with Ca,COS and Ci,COS the mole fractions of COS of the ambient air and the intercellular air space, respectively, and gt,COS the total conductance to COS, which is a function of the stomatal conductance (gs,COS) and gi,COS. The effect of the boundary layer conductance is negligible in well ventilated branch chambers 3 . Furthermore, when COS is fully consumed inside the leaf, which is possible by the high molar activity of the CA enzyme 5 , then Ci,COS can be considered negligible 3 . Hence, gi,COS can be approximated by:
where gs,COS is determined from gs,H2O based on the relationship between conductance to COS and H2O as gs,COS = gs,H2O/2.00, where the value 2.00 is the ratio of H2O and COS diffusivities 3 . Figure S4 shows that during daytime gi,COS is smaller than gs,COS, which implies that during those hours gi,COS limits FCOS, besides of the limitation that gs,COS has on FCOS. In the night, FCOS is largely limited by gs,COS.
We assumed that Ci,COS is zero; however, Gimeno et al. 6 found a non-zero compensation point in bryophytes. Their results suggested that FCOS was a result of both uptake and emissions of COS. If COS is also produced in higher plants, this could mean that Ci,COS is non-zero and would lead to a higher gi,COS; however, in our study we do not have the means to determine Ci,COS to be able to test this assumption.
Fig. S4|
Average diurnal cycles of gs,COS, gi,COS and gt,COS between 18 May and 13 July 2017, for chamber 1 (solid) and chamber 2 (dashed).
Temperature response of FCOS varies over the season
A sharp increase in FCOS can be observed in both chambers as soon as Tch reaches above -1 °C (Fig. S5 ). For daytime data with PAR > 700 µmol m -2 s -1 and when Tch is above -1 °C we find an increase in COS uptake (more negative FCOS) with increasing Tch, also indicated by the negative slope of the FCOS-Tch correlation. In contrast, for the months May -July we find the uptake to be decreasing with increasing Tch, which is due to the humidity-induced stomatal closure that happens at the same time as Tch increases. The data show that different environmental parameters control FCOS during different parts of the season, which also indicates the variable importance of gi,COS and gs,COS over the season. 
Methods
Site description
Measurements were performed at the Station for Measuring Forest Ecosystem -Atmosphere Relations (SMEAR II) in Hyytiälä, Finland (61°51′ N, 24°17′ E, 181 m a.s.l.), which is dominated by Scots pine (Pinus sylvestris L.) with a fraction of 93 % of the stand basal area.
Other tree species are Norway spruce (Picea abies) and deciduous trees (Betula pendula and Betula pubescens) with 2 % coverage and European aspen (Populus tremula) with 5 % coverage 7 . The stand was established in 1962 by sowing after prescribed burning 8 and the average canopy height is ~ 18 m.
Branch chamber measurements
Four automated gas-exchange chambers were installed at the top of the canopy in two Scots pine trees between 16 February and 17 July 2017. Measurements were continuous, except a gap between 4 and 18 May due to a broken pump. In one of the two trees FCOS and FCO2 were respectively 64 % and 52 % smaller than in the other tree, which is likely related to limited tree growth due to damage of the tree trunk. Due to the abnormal conditions of this tree we did not include these results in the analysis. Two different types of chambers were installed at each tree. Chamber 1 is rectangular with a 2.1 L volume with a horizontally sliding component that opens and closes the chamber (Fig. S8) , and chamber 2 is cylindrical with 1.8 L volume with two lids for opening and closing (similar to chambers used by ref. 9 ). The chambers are made of acrylic plastic and the upper plate of chamber 1 is made of Röhm SunAktiv acrylic material, which has a high rate of UV transmission. When the chambers were open, the branches were more exposed to ambient meteorological conditions in the rectangular chamber than in the cylindrical one. In chamber 1 the branch is fastened between two nets such that the needles are arranged as a flat surface, in contrast to the cylindrical chamber where the branch is freely spaced in its normal shape (Fig. S8 ). The 2D shape of the branch in chamber 1 likely causes a different light utilization and can explain the typically higher fluxes in chamber 1 compared to chamber 2 (FCOS and FCO2 are on average 22 % and 35 % smaller in chamber 2 than in chamber 1). In all chambers, the lids were sealed off with Viton o-rings (Eriks) and fans inside the chambers continuously ventilated the air inside. All-sided leaf areas were determined after the campaign. PAR was measured by quantum sensors (Li-Cor LI-190) inside and outside the rectangular and cylindrical chambers, respectively. For the rectangular chamber, the PAR measurements within three minutes before chamber closure were used, such that PAR measurements at both chambers represent the conditions outside the chamber. In the rectangular chamber, PAR decreases by 20 % when the chamber closes. 
Blank measurements
We measured fluxes in empty chambers (hereafter called "blank" measurements) to test for gas exchange by the chamber and possibly tubing materials and to be able to correct for it. Blank measurements were performed for all branch chambers at the end of the campaign, between 13 and 18 July 2017. In addition, an empty rectangular chamber (chamber 3) was kept in place throughout the campaign, and was measured during a few days in March, May and June. Blank measurements of FCOS, FCO2 and FH2O are shown for chambers 1 and 2 in Fig. S9 . FCOS blank measurements of chamber 1 and 3 (both rectangular chambers) showed a correlation with temperature (Fig. S10a) . The blank signal was corrected for with an exponential curve that was fitted to the blank measurements of FCOS (in chamber 1 and 3) and temperature during the whole measurement period (see Fig. S10a ). No correlation with temperature or PAR was found for FCOS in chamber 2 (R 2 = 0.0 for PAR and R 2 = 0.0 for temperature, see Fig. S10b ). Therefore, an average blank FCOS of 0.17 pmol m -2 s -1 was subtracted from the branch fluxes of that chamber. Blank measurements of FCO2 were on average -0.01 ± 0.06 and 0.00 ± 0.08 µmol m -2 s -1 in chamber 1 and 2, respectively, and are not significantly different from zero (Fig. S9c,d) .
For FH2O, the blank flux shows a diurnal cycle with higher fluxes during daytime, possibly due to desorption of water vapour on the chamber wall; however, no correlation with environmental parameters could be detected. To be able to use FH2O to determine the Ball-Berry model parameters for calculation of daytime gs,H2O we corrected FH2O with an average diurnal cycle of the blank measurements. Nighttime fluxes of FH2O are insignificant (-0.00 ± 0.01 and 0.01 ± 0.01 mmol m -2 s -1 for chamber 1 and 2 respectively) and can be used for nighttime gs,H2O calculations. The size of the blank FH2O was similar throughout the season, therefore it covers a large fraction of the branch fluxes in March, but only a small fraction of the branch fluxes in June and July. Because of the relatively large blank FH2O early in the season we do not use those data in the analysis. 
Respiration
At the leaf level, net CO2 assimilation is the result of CO2 assimilation by photosynthesis (GPP) and leaf mitochondrial respiration in light (Rl). Leaf level measurements of CO2 (FCO2) provide information about the net CO2 assimilation. Therefore, to make the step to GPP requires Rl:
The effect of Rl is often neglected, however, mainly because of the small fraction that Rl covers of FCO2 10 . Asaf et al. 10 where KPAR (> 0) and Pm (> 0) are fitting parameters. Figure S11 shows that Rl increases over the course of the season, and the ratio of -Rl/FCO2 decreases and is 0.09 and 0.06 during the peak growing season for chamber 1 and 2, respectively, which is similar to the fraction (0.058) used by Asaf et al. 10 . This also means that LRU will be a factor of 9 % and 6 % smaller (chamber 1 and 2, respectively) when LRU would be calculated using FCO2 after the effect of Rl is corrected. 
